This letter provides experimental evidence on the pronounced three-dimensional surface effects caused by tension twinning at early stages of plasticity of a magnesium alloy. To achieve this goal, multiscale mechanical testing was combined with strain field, texture and surface morphology quantification. The current investigation correlates crystallography-driven, grainscale surface roughening to the spatially heterogeneous micro-and macrostrain. It was found that tension twinning causes considerable surface extrusions and intrusions across multiple grains that are directly related to severe strain inhomogeneities.
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Understanding twinning, including nucleation of different variants, their growth and interactions with other deformation modes, as well as detwinning, is a topic of increasing interest for hexagonal close-packed (hcp) alloys due to its role in plasticity, including anisotropy, hardening, damage incubation and failure [1] . Because of its relatively easy activation, much attention has been paid to tension twinning [2] [3] [4] [5] . Thompson and Millard [6] and Yang et al. [7] performed experimental analyses on cadmium and titanium respectively, based on which they suggested that lenticular twins resulted in step formations between two lattice planes at the twin boundary. Furthermore, recent studies based on molecular dynamics simulations and electron backscattered diffraction (EBSD) data provided further evidence on twin nucleation [1, [8] [9] [10] . Moreover, the statistical analysis of twin nucleation presented by Beyerlein et al. [1] indicated that grain boundary misorientations influence twin nucleation and growth. It has also been proposed that the stress states in the vicinity of grain boundaries dictate the prevalence of specific twin variants [11] . It has been further reported that the tendency of tension twins to grow faster than contraction twins could be explained by the fact that the transverse propagation of twins is hindered by the absence of low-energy mobile interfaces [5] .
In addition to the considerable effect of twinning on ductility [12, 13] , a study by Kocks and Westlake [14] and another one by Hutchinson [15] suggested that the ductility of polycrystalline hcp metals is affected by local strain variations in neighboring grains. The basis of this relationship is the local strain inhomogeneities caused at boundaries of adjoined grains which, at high strain concentrations, may cause large tractions related to the onset of damage [16] . Such strain heterogeneities could be relieved by localized twinning and/or slip [17] . It has also been suggested that twinning is associated with crack formation at later stages of deformation [17] [18] [19] .
Therefore, besides some of the known sources of crack initiation, such as surface roughness, inclusions, intermetallics and ductile/brittle phases in polycrystalline alloys [20] , twinning, slip and strain inhomogeneities at the grain scale can be also envisioned as other sources of crack incubation and initiation [21] . In agreement with Muránsky et al. [22] and Barnett et al. [23] , the current authors recently demonstrated [24] that the onset of the distinct plateau region in the stress-strain curve during compressive loading perpendicular to the c-axis is associated with profuse and spatially inhomogeneous twinning. In fact, this study showed the formation of distinct strain localization in the elastic-plastic transition. It has been also reported by the authors that, although tension twinning contributes to overall plasticity, it could further give rise to crack initiation towards the end of the fatigue life in Mg alloys [25] .
Similar to the earlier study by Vaidya and Mahajan [26] , in which evidence of slip on planes prior to twinning was reported, Koike et al. [3] demonstrated that twinning occurs in grains with high basal dislocation activity. Therefore, as Hull [18] and more recently Ando et al. [17] suggested that localized strain inhomogeneities resulting from the activation of slip can presumably be relieved by twinning. It is also plausible that stress concentrations due to incompatibilities between twins and their surrounding matrix regions can be relaxed by slip [17, 26] or crack formation [12] . Despite the aforementioned progress in understanding twin formation and development, it is expected that the current knowledge could be greatly enhanced by a detailed characterization at the grain scale of the conditions that lead to twin formation [9] .
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In order to explain the relationship between grain-scale microstructural changes and deformation in alloys, a number of recent investigations relied on the use of the digital image correlation (DIC) method [27] [28] [29] [30] [31] . For instance, Carroll et al. [32] combined ex situ texture measurements with high-resolution strain field mapping obtained by DIC to explain strain localizations near grain boundaries. This study showed that some particular grains accumulate significant levels of plastic strain, while some of their immediate neighbors remained relatively undeformed.
Furthermore, Dave et al. coupled incremental straining of nickel foils with optical microscopy and showed the significant effect of grain boundaries and orientation mismatches on localized strain distributions [30] .
In this letter, full-field deformation measurements in Mg alloys were first performed at the grain scale. A cube-shaped specimen consisting of grains with most of their c-axis perpendicular to the loading direction was prepared from a commercial AZ31 plate. A region of interest (ROI) of 1 mm 2 size was defined by using fiducial markers previously created by micro-hardness indentations. The sample was loaded utilizing an MTI/Fullam (SEMaster 1000 EBSD) stage at a compressive displacement rate of 0.5 mm min -1 up to about 2% overall strain. An optical microscope (Olympus BH-2) was fixed at 10× magnification to record image sequences during loading. The images were recorded by a 10 megapixel camera with a 25 Hz acquisition rate. The strain field evolution during loading was achieved by direct tracking of the microstructure using the DIC method [33] . The gray intensity (contrast) field captured by the camera was created by the alloy microstructure without any additional surface patterning. Two-dimensional deformation measurements were performed in a field of view of , which resulted in a maximum spatial resolution for deformation measurements of 11.25 µm pixel -1 . The recorded digital images were post-processed using the commercially available ARAMIS GOM software (v6.30-5 4). A smaller ROI of 196 × 239 µm 2 at a specific location was analyzed to compute more accurate full-field and point strains. The surface morphology in the ROI was inspected postmortem by non-contact white light interferometry using a Zygo surface profilometer (model 6300) at 20× magnification. As a result of using the Mirau objective lens, a lateral resolution of 750 nm and a vertical resolution of 0.1 nm were achieved. Note that, in order to prevent changes on the deformed specimen surface caused by chemical agents, the orientation and topography maps of the marked regions for the deformed samples were performed without any further polishing or etching.
To validate the surface morphology observations at the grain scale, compression tests on cylindrical specimens of (ASTM) standard dimensions were also performed. In this case, samples were flattened on one side to allow post-mortem microstructure analyses and then mechanically compressed at room temperature with a strain rate of . Prior to testing, the specimens were subjected to the polishing procedure described previously [34] . Fiducial markers on the polished surface were produced by microhardness indentation. The surface morphology in the ROI ( ) was quantified using the interferometry method used for the grain-scale tests. Full-field strain fields were measured using DIC on the cylindrical surface of the tested specimens. The full-field strain measurement setup was capable of resolving strains with an accuracy of ±150 µm m -1 and a resolution of 20 µm pixel -1 . Figure 1a and b. This measurement shows how the local strain field within a grain develops as a result of twinning.
The measured local and global strains demonstrate that, while the sample undergoes compression (see the black line in Fig. 1(c) ), favorable grains (G1 and G2) for twinning, according at least to the reported high Schmid factor (SF) criterion [35] , display large tensile strains exactly at twin locations. Relevant recent investigations by the authors on the onset of plastic flow reported that twinning indeed starts at very early stages of deformation for highly textured samples [24] . It has also been proposed by the current authors [34] that strain localizations associated with twinning first initiate at grains with grain orientation closer to that of the basal plane i.e. at grains with larger SF values [36, 37] . It is of great significance to note here that the presented systematic characterization method enabled the direct measurement of grain-scale strain fields associated with twinning in Mg alloys.
Although the theoretical maximum tensile strain caused by twinning in Mg single crystal has been reported to be 6.5% [38] , the current results provide locally and on average considerably dominated by twinning revealed a complex surface relief. The formation of such surface steps due to twinning were previously reported to occur in later stages of plasticity during compression of Mg alloy samples [17] . However, to the best of our knowledge, this is the first study that reports surface step formation as a result of twinning and its associated strain fields at early stages of plasticity in Mg alloys. Similar to the results reported in this letter, out-of-plane components of strain due to slip and twinning were observed during four-point bending experiments on a titanium alloy [7] . curve obtained by compression of cylindrical specimens. In order to investigate the microscale plasticity at the onset of yielding, the applied loading was interrupted while the strain was less than 1%. Figure 2 (b) presents the average full-field strain evolution along the loading direction for the strain stages marked with numbers in Figure 2 (a). The strain maps suggest that the onset of yielding is coincident with distinct strain localizations. A more detailed description of such strain localizations is given by the authors in Ref. [24] . The results in Figure 2c and d validate the findings reported in Figure 1 that relate early plastic deformation to pronounced surface steps at the grain scale. Thorough microstructural examination of regions from inside the strain band shown in Figure 2 (b) revealed surface steps quantified by the height vs. distance curve (along the points numbered as i and ii in Fig. 2(c) ), which provides the size of extrusions and intrusions on the surface of the one-side-flattened cylindrical specimen. Moreover, Figure 2e -g provide the texture, SF values and kernel average misorientation (KAM) map, respectively, for the same ROI. It can be seen in Figure 2f that the grain with an SF of 0.25 did not undergo twinning, unlike the one with an SF of 0.47, which contains several twins. This observation provides some evidence of the role of SF in twinning [1] . Additionally, Figure 2g shows distinct areas with 8 pronounced local misorientation marked with white dashed ellipses near the grain that twinned.
Such KAM maps are constructed by measuring the degree of misorientation between a measured point and all its surrounding neighbors, and have been related to the stored strain energy [35, 39, 40] . It is evident via the KAM that the density of dislocations at critical intersections of grain boundaries and twins (marked with solid black arrows in Fig. 2g ) is relatively higher. This observation may support the probabilistic twin nucleation model for hcp polycrystalline metals
proposed by Beyerlein and Tomé [9] , while it also agrees with the model suggested by Meyer et al. [41] and the experimental study by Koike et al. [3] , which suggest that stress concentrations are caused by the pronounced activation of basal slip prior to twinning. In agreement with a recent study by Balogh et al. [42] , where stress gradients in the vicinity of twin boundaries were reported, the reported experimental results in this letter suggest that twin boundaries can have variable states of stress (strain). For example, Figure 2 (d) shows the occurrence of several twins in one grain and demonstrates the significant variance in the size of such twin-related surface steps, providing a strong indication that twin dislocations could also be driven by variable stresses [42] .
The twin path in relation to local misorientation, SF values and surface step geometry is investigated in Figure 3 . It is shown in this figure that twins tend to form in grains with high SF values (0.46-0.48), while thickening occurs in energetically favorable paths (longer side of the grain). Moreover, it is expected that, as local internal stresses increase due to dislocation pile ups and activation of non-basal slip, subgrain recrystallization nuclei are formed as a result of and dislocation interactions [43] . Figure 3 (c) depicts the morphological effects related to surface step formation due to twinning on the examined ROI, which shows a tangent as high as 87.04°, with a height of 379.05 nm.
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The grain-scale results presented in this letter combined in situ observations of twin nucleation and associated strain and morphological measurements, which suggest that twin formation is directly related to strain inhomogeneities among grains in Mg alloys. A closer inspection of the results in Figures 1-3 reveals significant strain and surface gradients within grains and near grain boundaries which can be conceivably reduced by secondary twins [17] . This letter further demonstrates the relationship between surface morphology evolution during compression of Mg alloys and twinning. Both in situ and ex situ grain-scale observations were used to demonstrate that twinning is responsible for large intrusions and extrusions that form inside and around twin- 
